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a b s t r a c t 
Targets prepared from Reduced Activation Ferritic Martensitic (RAFM) steel F82H were exposed to low- 
energy (200 eV) deuterium (D) plasma at various temperatures with highﬂuxes of about 10 22 D/m 2 s to 
various ﬂuences in the range from 10 25 to 2.5 ×10 26 D/m 2 . Under the plasma exposure, micro-structured 
layers are formed on the target surfaces, and the surface morphology is dependent on the exposure tem- 
perature. The erosion yield of the F82H samples increases by a factor of about two as the exposure tem- 
perature rises in the range from 403 to 773 K. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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2. Introduction 
Reduced Activation Ferritic Martensitic (RAFM) steels such as
82H [1] , EUROFER [2] and RUSFER [3] are candidate materials for
rst wall and breeding blanket structural application in future fu-
ion power plants. At present, the most promising plasma-facing
aterial for the main chamber wall of a fusion reactor is tungsten.
evertheless, a few years ago it was suggested to consider RAFM
teel in certain areas of the main chamber wall in DEMO where the
article and power ﬂux are not prohibitive [4] . These certain areas
ill be mainly subject to charge-exchange neutral ﬂuxes, with the
argest ﬂuxes at energies in the range from hundreds eV to sev-
ral keV. Facing such plasma, the lifetime of components will be
etermined by their erosion rate. 
Along with the base material: iron (Fe), RAFM steels contain
ypical mid-Z steel elements (chromium, vanadium, manganese)
s well as small amounts of high-Z elements such as tungsten (W)
nd tantalum (Ta). At low particle bombarding energy, the sputter-∗ Corresponding author at:. Hydrogen Isotope Research Center, University of 
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352-1791/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article ung yield of the mid-Z elements including Fe is signiﬁcantly higher
han that of high-Z elements. Hereupon, the surface composition
ill be changed during erosion due to preferential sputtering
f low-/mid-Z elements, resulting in an enrichment of high-Z
lements at the surface [5–7] . This change of surface composition
irectly affects the sputtering erosion of RAFM steels [6,7] . 
The goal of this work was to examine temperature dependences
f the surface modiﬁcation and sputtering erosion yield of the
82H steel exposed to low-energy, high ﬂux deuterium (D) plasma.
. Experimental 
RAFM steel F82H (Japan) containing ≈1.9 wt% ( ≈0.8 at%) W and
0.02 wt% ( ≈9 ×10 −3 at%) Ta [8] was studied as sputtering target
n this work. Rectangular-shape targets, 10 ×10 mm 2 in size and
bout 0.8 mm in thickness, were cut from the same F82H slab fol-
owed by mechanical polishing to a mirror-like ﬁnish and cleaning
n an ultrasonic bath. 
The targets were exposed to D plasma at various temperatures
n the linear plasma generator (JAEA, Rokkasho) [9] . To generate
igh ﬂux D plasma, the D 2 working pressure was kept at about
.8 Pa. As a result, a plasma beam with species of D 2 
+ (about
0%) and D + (about 30%) was obtained. Bias voltage of −204 Vnder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Fig. 1. View of sputtering F82H target (1) ﬁxed on the holder with the help of 
EUROFER rings (2, 3, 4) and three molybdenum bolts (5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. SEM images of F82H targets exposed to 200 eV D plasma at temperatures of 
403 K (a), 623 K (b), and 773 K (c) with an ion ﬂuence of 10 26 D/m 2 . The scale bar 
given in panel (b) is valid for all images. 
 
t  
p  
w  
A  
D  
s  
a  
e  
T  
o
 
t  
t  was applied to the target, resulting in incident ion energy of
200 eV, taking into account the plasma potential of about −4 V as
measured by a Langmuir probe. The required exposure tempera-
ture was set by the thermal contact between the target and the
water-cooled holder. The temperature was monitored using a type
K thermocouple tightly pressing the rear of the target and was
ﬁxed with an accuracy ±5 K. 
The incident D ion ﬂux was (0.7-1.3) ×10 22 D/m 2 s. Tempera-
ture dependences of the surface modiﬁcation and sputtering ero-
sion yield were examined at an ion ﬂuence of 10 26 D/m 2 . However,
F82H targets meant for cross-sectional scanning transmission elec-
tron microscopy observations were exposed at 623 and 773 K to
ﬂuences of 2 ×10 25 and 10 26 D/m 2 . Just to reveal the D ion ﬂuence
dependence of the erosion yield, four F82H targets were exposed
to the D plasma at 723 K to ion ﬂuences in the range from 10 25 to
2.5 ×10 26 D/m 2 . 
The sputtering target was ﬁxed on the holder with the help of
rings manufactured from the EUROFER steel containing ≈0.4 at% W
and ≈0.06 at% Ta [8] ( Fig. 1 ). Note that the erosion area on the
target surface was limited by the EUROFER aperture 9 mm in di-
ameter, whereas the diameter of the D plasma beam on the target
holder surface was around 50 mm. 
The surface morphology of the F82H steel exposed to the D
plasma was examined with a ﬁeld-emission scanning electron
microscope (SEM) (JEOL JSM-6701F). Cross-sectional observation
of microstructures formed on the F82H surfaces under exposure
to the D plasma was performed with the help of a scanning
transmission electron microscope (STEM) equipped with an en-
ergy dispersive X-ray (EDX) spectrometer (JEOL JEM-2800). Small
cross-sectional specimens were prepared using focused-ion-beam
machining with Ga ions. In addition, the chemical composition in
the outermost atomic layers on the F82H surface was determined
by X-ray photoelectron spectroscopy (XPS) (Thermo Scientiﬁc,
ESCALAB 250Xi). All photoelectron spectra were measured using
a monochromatic Al K α source with photon energy of 1486.6 eV.
Note that for steels, the XPS analysis allows determination of the
chemical composition in the near-surface layer of about 2 nm in
thickness [10] . The erosion yield was primarily evaluated by a weight-loss
echnique. Weight of each target was measured before and after
lasma exposure by a microbalance system, and the erosion rate
as then calculated from the weight loss and the total ion ﬂuence.
lthough the incident deuterium ion ﬂux consisted only to 30% in
 
+ ions, only the D + ﬂuence was considered in evaluating the ero-
ion yield. The molecular ions result in 1/2 of the incident energy
fter breakup of the molecules and correspondingly much lower
rosion yield close to or below the threshold for sputter erosion.
he uncertainty introduced by this assumption could result in an
verestimation of the D + yield absolute value of up to 50%. 
For calculation of the F82H steel erosion yield, we assumed that
he weight loss is dominantly due to the sputtering of Fe and con-
ribution of other elements to the weight change is negligible. The
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Fig. 3. SEM images (a, d) and cross-sectional STEM bright ﬁeld images (b, c, e, f) of F82H targets exposed to 200 eV D plasma at a temperature of 623 K with ion ﬂuences, 
, of 2 ×10 25 D/m 2 (a, b, c) and 10 26 D/m 2 (d, e, f). 
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dncertainty in each weight loss measurement was estimated to be
0.03 mg. 
. Results and discussion 
.1. Surface modiﬁcation 
SEM images of F82H targets exposed to 200 eV D plasma at
arious temperatures to an ion ﬂuence of 10 26 D/m 2 demonstrate
ough micro-structured layers formed on the target surfaces under
he plasma exposure. It has been found that the surface morphol-
gy depends on the exposure temperature, T , ( Fig. 2 ) and D ionuence ( Figs. 3 and 4 ). Cross-sectional STEM images of the near-
urface layers formed on F82H targets subjected to the D plasma
xposure at T = 623 and 773 K with ﬂuences of 2 ×10 25 and 10 26 
/m 2 ( Figs. 3 and 4 ) reveal ﬁne ﬁber-like nanostructures formed on
he F82H surface. At the ﬁrst glance, this ﬁber-like nanostructure
ormed on the steel surface looks like nano-structured “fuzz” or
tructure dubbed “grass” formed on the W surface irradiated with
ow-energy He ions at high temperatures (above 10 0 0 K) [11,12] ,
owever these ﬁber-like nanostructures are completely different in
he formation mechanisms. Indeed, no bubbles are observed in the
ber-like nanostructures in contrast to the “fuzz” structure densely
ecorated by He bubbles. 
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Fig. 4. SEM images (a, d) and cross-sectional STEM bright ﬁeld images (b, c, e, f) of F82H targets exposed to 200 eV D plasma at a temperature of 773 K with ion ﬂuences, 
, of 2 ×10 25 D/m 2 (a, b, c) and 10 26 D/m 2 (d, e, f). 
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H  Cross-sectional STEM dark and bright ﬁeld images of F82H tar-
get exposed to the D plasma at T = 623 K to a ﬂuence of 2 ×10 25
D/m 2 and selected cross-sectional area diffraction pattern are
shown in Fig. 5 . The main spots in the cross-sectional diffraction
pattern ( Fig. 5 c) relate to the Fe bcc structure. A ring passing the
Fe(110) spots that indicates the presence of Fe nano-crystallites is
additionally observed. Besides, there are other spots from uniden-
tiﬁed structures. Thus, it becomes evident that crystal orientation
of the F82H substrate is extended to the ﬁber-like nanostructure. 
STEM images of the near-surface layer formed on F82H target
after exposure to the D plasma at T = 773 K to a ﬂuence of 10 26
D/m 2 were taken at different tilt angles to examine orientationf crystals ( Fig. 6 ). The STEM image contrast in regions A and B
 Fig. 6 ) varies by tilting with the contrast of substrate grains, in-
icating that the original structure of F82H is retained in these
egions. On the other hand, the contrast in ﬁne regions C, D and
 shows no signiﬁcant change by tilting. Most probably, these
ne regions are nano-crystallites responsible for formation of the
bove-mentioned diffraction ring ( Fig. 5 c). 
These STEM observations indicate that the ﬁber-like nanos-
ructures observed after D plasma exposures at T = 623 and 773 K
 Fig. 2 b and c) were developed by non-uniform erosion of the
82H matrix (i.e., by preferential sputtering of mid-Z elements).
owever, such ﬁber-like nanostructure is not observed after D
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Fig. 5. Cross-sectional STEM dark ﬁeld (a) and bright ﬁeld (b) images of F82H target exposed to 200 eV D plasma at a temperature of 623 K with an ion ﬂuence of 2 ×10 25 
D/m 2 . The insert (c) is a selected area diffraction pattern from the F82H cross-sectional area of ≈700 nm in diameter. Diffraction spot selected for dark ﬁeld imaging is 
indicated on the diffraction pattern (c) by circle. 
Fig. 6. Cross-sectional STEM bright ﬁeld images of F82H target exposed to 200 eV D plasma at a temperature of 773 K with an ion ﬂuence of 10 26 D/m 2 , as taken at different 
tilt angles. The TEM image contrast in regions A and B varies by tilting with those of substrate grains, whereas the contrast in ﬁne regions C, D and E shows no signiﬁcant 
change by tilting. 
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F  lasma exposure at lower temperature of 403 K ( Fig. 2 a), and this
act forces to conclude that temperature-induced surface diffusion
f surface atoms plays also important role in formation of the
ano-sized ﬁbers. 
Cross-sectional STEM bright ﬁeld images and EDX-maps of Fe
nd W for the ﬁber-like nanostructures formed on the F82H sur-
ace under exposure to the 200 eV D plasma at T = 623 and 773 K
ith an ion ﬂuence of 2 ×10 25 D/m 2 are shown in Fig. 7 . It is
vident from observation of the EDX-maps that the ﬁbers are en-
iched with tungsten. After exposure of F82H targets to the D plasma at various tem-
eratures with an ion ﬂuence of 10 26 D/m 2 , the chemical com-
osition in the outermost atomic layers (up to 2 nm in thickness)
n the F82H surface was determined by X-ray photoelectron spec-
roscopy (XPS). Evaluation of XPS spectra allows the conclusion
hat an enrichment of the outermost atomic layers with tung-
ten takes place. The measured W concentration is about 10 at% at
 = 403 K and about 25 at% at T = 623 and 773 K. Thus, the W con-
entration in the outermost atomic layers of the plasma-exposed
82H target depends on the exposure temperature. Note that the
30 V.Kh. Alimov et al. / Nuclear Materials and Energy 7 (2016) 25–32 
Fig. 7. Cross-sectional STEM bright ﬁeld images and EDX-maps of Fe and W for ﬁber-like nanostructures formed on the F82H surface under exposure to 200 eV D plasma at 
temperatures of 623 and 773 K with an ion ﬂuence, , of 2 ×10 25 D/m 2 . 
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t  Ta content in the near-surface layer is still below the detection
limit of XPS. 
Bombarding ions non-uniformly erode the originally ﬂat sur-
face; they roughen the surface into a variety of morphologies. Early
models simply attribute the asperity formation to anisotropic sur-
face erosion [13–15] , whereas a later model suggests a growth
of crystallites under ion bombardment [16,17] . As reported earlier
[18–20] , a simultaneous supply of some types of impurities dra-
matically promotes the asperity formation on solid surfaces irra-
diated with low-energy ( ≤ 3 keV) inert-gas ions. For impurities to
function as the promoter, or the seed, they must have a lower
sputtering yield or higher melting point than the target [21] . 
If the growth of crystallites takes place on an ion-bombarded
surface, a concept is required in which ion bombardment induces
a process to aggregate diffusing surface atoms into an ordered ar-
ray [22] . Indeed, ion bombardment is known to entail the diffusion
of surface atoms, which is increasingly enhanced with the increase
in target temperature [23] . Moreover, surface atom diffusion under
ion bombardment is not always random on single-crystalline metal
surface. On an (001) surface of an fcc metal, for instance, surface
atoms diffuse along equivalent [110] directions to construct pyra-
midal mounds [24] . Such a directional surface diffusion is a funda-
mental process in any type of crystal growth on solids [25] . Note
that the directed surface atom diffusion and growth of crystallites
were observed on the surfaces of Cu, Au and Ni targets seeded
with W or Si during bombardment with Ar ions [18,22,26] . 
It is common knowledge in crystal science that the presence
of an impurity is a prerequisite for a crystal to nucleate [22,27] .
In our experiments, high-Z W particles are thought to function as
these impurities or “seeds”. It may be suggested that at relativelyigh W concentration in the the outermost atomic layers (above
0 at%) maintained at elevated temperatures and relatively low D
on ﬂuences of the order of 10 24 D/m 2 [6] , W atoms, due to surface
iffusion, form nano-sized agglomerations, and these W agglomer-
tions serve as centers of nano-crystallite nucleation. 
For F82H target exposed to the D plasma at T = 403 K ( Fig. 2 a),
he observed surface microstructure is formed due to preferential
puttering of mid-Z elements. The XPS-measured W concentration
n the outermost atomic layers reaches about 10 at%. However, at
emperatures T ≥ 623 K ( Fig. 2 b,c), additional processes of sur-
ace atom diffusion and W-induced nano-crystallite nucleation lead
o formation of ﬁber-like nanostructure. As this takes place, the
PS-measured W concentration increases up to about 25 at%. Tips
f nano-sized ﬁbers with dark contrasts indicating the presence
f high-Z materials are frequently observed in the cross-sectional
TEM images for the F82H targets exposed to the D plasma at
 = 623 and 773 K (see, for instance, region C in Fig. 6 ). 
The physical processes underlying the surface nano-
microstructure formation during erosion of a multicomponent
arget (with mid-Z and high-Z elements) are not entirely clear. To
lucidate this issue, additional systematic studies of microstruc-
ures formed on the surface of mid-Z element target during
putter erosion and simultaneously seeding both with mid-Z and
igh-Z elements at various temperatures are required. 
.2. Sputtering erosion 
Modiﬁcation of the F82H near-surface layers under D plasma
xposure, i.e., a W-enrichment on the F82H surface changes surely
he erosion yield with increasing D ion ﬂuence. Therefore, the
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Fig. 8. Mass loss (right ordinate axis, open symbols) and averaged erosion yield 
(left ordinate axis, ﬁlled symbols) for F82H targets exposed to 200 eV D plasma 
at a temperature of 723 K, as a function of the D ion ﬂuence. Note that absolute 
values of the averaged erosion yield may be overestimated by up to 50%, while 
statistical errors in the measurements of the mass loss and averaged erosion yield 
are indicated on the graph. 
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Fig. 9. Averaged erosion yield for F82H targets exposed to 200 eV D plasma to an 
ion ﬂuence of 10 26 D/m 2 , as a function of the exposure temperature. Note that ab- 
solute values of the averaged erosion yield may be overestimated by up to 50%, 
while statistical errors in measurements of the erosion yields are indicated on the 
graph. 
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[  rosion yield measured in our experiments is averaged over the
uence for the utilized D ion ﬂuence. The mass loss and aver-
ged sputtering erosion yield of F82H target exposed to 200 eV D
lasma at T = 723 K, as a function of the D ion ﬂuence, are shown
n Fig. 8 . Due to the much lower erosion yield of W, enrichment
ith W in the ﬁrst few monolayers takes place. This W enriched
ayer in turn reduces the Fe sputtering leading to a decrease of the
veraged sputtering erosion yield with increasing D ion ﬂuence.
imilar decrease of the averaged sputtering erosion yield with in-
reasing ion ﬂuence was observed for the EUROFER steel and Fe–W
ixed materials with W concentration in the range 0.3–1.0 at% ex-
osed with 140 eV D plasma in the plasma generator PISCES-A [6] .
The erosion yields of F82H steel exposed to 200 eV D plasma at
arious exposure temperatures ( Fig. 9 ) were averaged for the D ion
uence of 10 26 D/m 2 . As seen in Fig. 9 , the averaged erosion yield
ncreases by a factor of about two as the exposure temperature
ises from 403 to 773 K. 
It should be noted that the averaged sputtering erosion yield of
82H target exposed to the D plasma at T = 723 K to a ﬂuence of
0 25 D/m 2 (about 3 ×10 −2 Fe/D, Fig. 8 ) is higher than the sputter-
ng yield of Fe irradiated with 200 eV D ions at room temperature
about 1.5 ×10 −2 Fe/D [28] ). Taking into account an uncertainty in
etermination of an absolute value of the F82H averaged erosion
ield and an increase in the F82H averaged erosion yield with the
 plasma exposure temperature, it can be said the F82H erosion
ield is consistent with the Fe sputtering yield. Additional sputtering experiments with Fe and steel targets ir-
adiated with low-energy deuterium ions at high ion ﬂuxes in the
ide range of target temperatures are required to reveal in details
emperature-induced processes affecting the erosion yield. 
. Summary 
Exposure of F82H targets with low-energy (200 eV) D plasma
eads to formation of micro-structured layers on the sputtering sur-
ace. The surface morphology of the targets depends strongly on
he exposure temperature. Main physical processes occurring on
he F82H steel surface under exposures to the D plasma and inﬂu-
ncing the microstructure formation are assumed to be sputtering,
rystallite nucleation and growth due to surface atoms diffusion. 
After exposure of F82H steel to the D plasma to a ﬂuence of
0 26 D/m 2 , the W-enriched near-surface layer is formed due to
referential sputtering of Fe. The XPS-measured concentration of
 on the D-plasma-exposed steel surface varies from about 10 to
bout 25 at%, depending on the exposure temperature. The aver-
ged erosion yield of the F82H steel decreases with ion ﬂuence,
ut increases by a factor of about two as the exposure tempera-
ure rises from 403 to 773 K. 
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